The extent to which scientific knowledge translates into practice is a pervasive question.
Introduction
The role of ecological science and the knowledge it generates in the development of environmental policy has been intensively discussed during recent decades. Within environmental research there is a persistent concern that ecological knowledge is ignored in policy processes (van Kerkhoff and Lebel 2006; Nagasaka et al. 2016; Pullin and Knight 2003; Salomaa et al. 2016; Lawrence 2017) . This concern is challenged by historical studies, which find that ecological scientists can in-fact have a strong influence on environmental policy, for example in the 'greening' of forest policy and management during the 1990s (Hays 2007; Wellock 2010; Simonsson et al. 2014) . Whether ecological knowledge effectively translates into policy is however likely to be context dependent (e.g. Haas 2004 ). Specifically, how, when and where in the process ecologists access the science-policy dialogue will help dictate their impact on conservation policy (Gulbrandsen 2008) . Likewise, studies show that inclusive and deliberate policy processes can be more important for improving scientific impact, than scientific consensus (Gulbrandsen 2008 ). Furthermore, when economic or political stakes are high, scientific evidence is more likely to be contested during the policy process (Gulbrandsen 2008; cf. Jasanoff 2004) .
Forest covers around 30% of the global land area and hosts most of the world's terrestrial biodiversity (FAO 2016) . Approximately 30% of this land is managed for wood production, 28% is designated to multiple uses, and 13% is managed primarily for biodiversity. Over recent decades environmental forest policies were implemented to help ensure the sustainable management of production and multiple-use forests (FAO 2016) . To find sustainable ways to combine forestry with conservation is however challenging for policy makers and practitioners (e.g. Puettmann et al. 2015) . It is also challenging for ecological scientists who have to provide society with knowledge regarding the ecological effects of certain management methods and identify strategies for achieving best practice and balancing trade-offs (cf. Gustafsson et al. 2012; Ranius et al. 2017) .
Since the mid-1900s Sweden has had an intensive production-oriented forest management dominated by even aged forestry on both private and public land. The public problematization of forestry increased dramatically in the early 1970s. Measures associated with clear-cut forestry, including the use of biocides, soil scarification and fertilization, were met with concern by a wide range of stakeholders (Simonsson et al. 2014; Enander 2007) . During the last four decades forest policy declared that conservation actions should be implemented at different scales in the whole forest landscape ). In line with this expectation, it was suggested that both green tree retention (GTR) and continuous-cover forestry (CCF) could be used to enhance biodiversity in production forests while still allowing for the extraction of wood-based commodities (Simonsson et al. 2014; . After four decades of policy development, GTR experienced 1 3 widespread implementation in Sweden (Fig. 1) , whereas CCF remains rare, as in other parts of the world (Puettmann et al. 2015) .
Several case studies in Sweden have helped clarify how different social and political factors have influenced forest policy processes and forestry's ability to adapt new management and conservation measures. Eckerberg (1987) showed that soft law, a united "forest sector culture", prioritizing rational economic forestry, and the use of large and heavy harvesters, hampered the uptake of conservation measures in forest operations in the 1980s. More recent studies have also identified historical, cultural, economic, logistical, technical and ecological obstacles to the implementation of silvicultural alternatives to clearfelling systems (e.g. Axelsson and Angelstam 2011; Simonsson et al. 2014; cf. Puettmann et al. 2015) . The increased use of certain mixed-species forest alternatives has been hindered by their divergence with economic objectives, and also a need to overcome gaps in management knowledge, higher management complexity and uncertain production outcomes (Lidskog and Sjödin 2014; Felton et al. 2016 ).
Here we contrast and tease out the role of ecological science in the policy development regarding the implementation of GTR and CCF in a Swedish context. By so doing we compare how science translates into practice for two forestry related practices that largely overlap in their general intent (increased forest habitat availability), but nevertheless differ in terms of their management specifics, level of implementation and likely evidentiary support. Thus for our purposes GTR and CCF overlap sufficiently in context to warrant comparison, and yet are distinct enough in their essentials to provide useful contrasts and varied insights regarding the role of ecological science in policy development. We define GTR as the exclusion of living trees on the cut area from current and future harvest in even-aged management systems for biodiversity conservation purposes (Rosenvald and Lõhmus 2008) . We do not consider the temporary retention of seed trees or shelterwood as Kruys et al. (2013) . These data are restricted to solitary trees and trees in very small retention patches (< 0.02 ha). A separate (dashed) curve is presented for data excluding Scots pine (Pinus sylvestris), because this species is often left as seed trees for regeneration purposes. Hence, the curve excluding Scots pine may better reflect temporal trends in the long-term retention of trees specifically for conservation purposes. The thicker part of the x-axis depicts the main period of interest for the analyses presented in the text 1 3 GTR because these residual trees are usually harvested (Matthews 1989) . CCF is a concept used for a range of methods of selection cuttings (Kuuluvainen et al. 2012) . Here we define CCF as a harvest method whereby the forest canopy is maintained through time, at one or more strata, without clear felling (Mason et al. 1999; Pommerening and Murphy 2004) . In contrast to GTR, CCF has long historical roots and was to a large extent implemented for economic reasons until the mid-twentieth century, after which it was increasingly replaced by clear cut forestry in many countries, including Sweden (Pommerening and Murphy 2004; Siiskonen 2007) . To summarize, both GTR and CCF are expected to increase habitat availability relative to standard Swedish forestry; GTR achieves this by excluding a limited number of selected trees from production (Fedrowitz et al. 2014) , whereas CCF does so by maintaining greater size and age variation among the production trees themselves (Kuuluvainen et al. 2012) .
In this study we use Sweden's experience with GTR and CCF implementation to analyse how scientific ecological knowledge, pertaining to biodiversity conservation, interacts with other scientific knowledge, institutional, normative and strategic factors, to shape forest conservation policy and practice. Specifically, we address the following questions:
1. Using the published scientific literature as an indicator, how has scientific knowledge regarding GTR and CCF and their ecological effects, developed over time? 2. What is the pattern of GTR-and CCF-related policy uptake in Swedish forest governance from 1971 to 2017?
Based on the results from these two researched questions, we discuss the role of scientific ecological knowledge versus other socio-political factors in determining the policy uptake and implementation of GTR and CCF.
Analytical framework
The development and fate of a conservation measure can be explored by analysing the underlying policy making process. One way to conceptualize this process is the policy cycle (May and Wildavsky 1978; Parsons 1995) . We used it as a heuristic device to analyse the process of societal planning and decision making, in particular to explore why some policy options were readily implemented while others were not (Jann and Wegrich 2007).
Policy making presupposes that a problem has been defined by the public, media or at least by a community of people (for example scientists) (Jann and Wegrich 2007) and that there is an expressed need for state intervention and improved measures (Jann and Wegrich 2007; Lundgren 1998; see Fig. 2 , first stage). The problem definition may enter the policy cycle via written suggestions from parliament members ('motion') (Riksdagen 2019; see also Table 1 ). The second stage stipulates that the recognized problem is put on the agenda for serious public consideration (Jann and Wegrich 2007). For example, the potential benefits of alternative forest conservation measures are considered by an appointed commission and then transformed into policy options (Riksdagen 2019) . At the third stage, problems, proposals and demands are taken up by the government and turned into a policy proposal in a bill which then is discussed in a parliamentary committee and decided by the parliament (Riksdagen 2019), i.e. proposals and decisions are made regarding which options to pursue (Jann and Wegrich 2007) . At this and the subsequent stage (i.e. stage 3 and 4), we were specifically interested in the stipulated strategies for how objectives should be achieved. We thus investigated the choice of policy instruments used. A policy instrument is "everything a policy actor may use to obtain certain goals" (Doelen 1998) and are commonly divided into communicative (i.e. education and information), economic (i.e. subsidies and levies) and judicial instruments (i.e. law enforcement). In the literature, the instruments are normally ordered from weak to strong authoritative force, for which communicative instruments are regarded as weak, and judicial directives as strong (Vedung 1998) . Optional policy instruments are also discussed at stage 2 (Jann and Wegrich 2007), but we were mainly interested in those instruments that became selected at stage three, and further developed and implemented by agencies at stage four (Fig. 2) . The fourth stage of the policy cycle thus concerns implementation; the stage of execution or enforcement of a policy by the responsible institutions, organizations, and other actors (Jann and Wegrich 2007). Policy implementation thereby concerns efforts to turn stated intentions into action on the ground (Jann and Wegrich 2007). In Sweden, the Swedish Forest Agency (SFA) is responsible for implementing the Forestry Act, while the Swedish Environmental Protection Agency (SEPA) and regional county boards are responsible for implementing environmental legislation. The agencies formulate legally binding prescriptions and non-legally binding advice, building upon governmental legislation, which may involve the further development of instruments for implementation (Wallin 2017 Parsons (1995) , is used as a heuristic device to structure the analyses of policy uptake and implementation of GTR and CCF in this study. Note that a suggested policy may go through several loops before a policy is adopted or terminated (Jann and Wegrich 2007, p 54) :Jo731, 1990 :Jo306, 1990 See stage 2 in Loop 1 focuses on intended policy outcomes. Policy evaluation is a regular and embedded part of the political process at this stage, leading to diverse outcomes in terms of policy learning, with different implications for feed-backs and input that can potentially lead to a complete re-start or additional loops in the policy cycle (Jann and Wegrich 2007). The model of the policy cycle has been criticized for oversimplifying the policy process, neglecting the messiness of real-world politics (Howlett et al. 2015; Jann and Wegrich 2007) . However, we found that it was a useful tool to order and explore the different policy documents that addressed GTR and CCF over time (cf. Howlett et al. 2015) . We also addressed the complexity of the policy process by analysing how different socio-political factors, including ecological science, fed into the policy process and interacted with each other, and how this interaction shaped the uptake of scientific ecological knowledge at each distinct stage of the policy cycle (cf. Jann and Wegrich 2007). Drawing on Lidskog and Löfmarck (2015) we addressed socio-political factors such as: (i) knowledge from different scientific disciplines, about the needs and effects of a conservation measure. Our main focus was on the role of scientific ecological knowledge pertaining to biodiversity conservation, and how this interacted with for example knowledge regarding the production costs of forest commodities. (ii) formal institutional factors, such as the presence of contradictory or supportive legislation or market-based certification schemes. (iii) normative factors, such as the absence or presence of shared values and norms regarding if, how and why forests should be used. These norms may build on cultural or historical experiences and shape public opinion, networks and power relations.
Altogether, these factors contributed to whether a specific measure was regarded as (iv) strategic by forest owners, to implement on the ground. Strategic factors refer to the necessary conditions for collective action to take place, i.e., that a critical mass needs to adopt a measure before a majority will embrace it (Lidskog and Löfmarck 2015) .
We elaborate further on these factors in the discussion section.
Materials and methods

Development of scientific knowledge about GTR and CCF
To quantitatively describe the accumulation of scientific evidence, we searched for scientific publications in the Web of Science Core Collection database (WoS CC). Searching in WoS CC does not however completely cover the range of relevant scientific publications from the 1970s and 80s, as during this time relevant research within the fields of forestry and ecology were primarily written in Swedish and not published in international journals (Jonsson and Sörlin 2002) . We therefore made a complementary search for "unregistered" literature (i.e. scientific literature not registered in WoS CC) in the Swedish national library database Libris (http://libri s.kb.se/) using Swedish terms for GTR and CCF (the Swedish terms in the captions in Figs. 4 and 5). This search resulted in a sparse number of scientific publications, which were not included in our quantitative analysis of accumulated knowledge, but we addressed some of them in our qualitative assessment of the development of scientific knowledge regarding GTR and CCF.
In WoS CC, for both GTR and CCF we used a search string composed of three terms separated by 'AND': the term 'forest', a set of alternative terms that depicted the focal conservation measure, and a set of alternative terms that defined the geographical scope. We restricted this quantitative search to Fennoscandian studies relevant for practices in Sweden. The search string for GTR was thus structured as follows: forest* AND ("alternative cut*" OR "alternative felling*" OR "alternative harvest*" OR "ancient tree*" OR "biological legacy*" OR "green tree*" OR "green tree retention*" OR "long-term retention*" OR "remnant tree*" OR "residual tree*" OR "retention threshold*" OR "structural retention*" OR "variable retention*" OR "veteran tree*" AND (Fennoscand* OR Scandinav* OR Finland OR Finnish OR Swed* OR Norw* OR Murmansk OR Karelia* OR Leningrad OR Petersburg). For CCF the following search string was deployed: forest* AND ("alternative cut*" OR "alternative felling*" OR "alternative harvest*" OR "clearcut free" OR "clear cut free" OR "continuous cover" OR "gap cut*" OR "gap felling*" OR "gap harvest*" OR "partial cut*" OR "partial felling*" OR "partial harvest*" OR "selection cut*" OR "selection felling*" OR "selection harvest*" OR "single tree select*" OR "uneven age*" OR "uneven size*") AND (Fennoscand* OR Scandinav* OR Finland OR Finnish OR Swed* OR Norw* OR Murmansk OR Karelia* OR Leningrad OR Petersburg). For further details regarding the search strings, see "Appendices 1 and 2".
We only retained those articles that explicitly analysed GTR or CCF in Fennoscandia, and categorized them according to their main focus: ecological effects (including biodiversity and water quality, while excluding purely silvicultural aspects such as the regeneration of crop trees and timber increment); timber production and economics (including timber increment, adaptation of forestry to climate change, crop tree regeneration, forest damage, forestry operations and monetary outcome of forest management); social values (aesthetics, recreation, cultural heritage, tourism); climate mitigation (carbon sequestration, effect on greenhouse gases); and degree of implementation (how common the method was in practice).
Policy implementation of conservation practices and the role of scientific ecological knowledge vs. other socio-political factors
To trace the trajectories of GTR and CCF in governmental policy processes we analysed policy documents from the Swedish parliament using both quantitative and qualitative methods. The quantitative analysis was based on the Swedish parliament's open data (http://data.riksd agen.se/in-engli sh/), which contains parliamentary documents from 1971 to present. We selected series of document types which covered the period 1971-2016: written suggestions from parliament members ('motion'), interpellations, bills, chamber protocols and written questions and answers, which together amounted to almost 220,000 documents. These documents were systematically researched for the occurrence of Swedish terms depicting GTR and CCF. In the Swedish policy context, terms related to CCF were more clearly distinguished from alternative practices than the terms used to describe GTR. The terms used in the search for policy documents handling GTR were therefore more likely to encompass additional aspects of forest conservation than just the retention of green trees (see the Swedish terms in the captions in Figs. 4 and 5). To ensure that the policy documents actually described green tree retention, we ran a qualitative check of the documents, and made sure that this specific practice was being referred to, before including it in the results.
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The data obtained from the quantitative analysis was used to identify years and parliamentary documents where the GTR and CCF terms were mentioned most frequently. The result of the quantitative analysis indicated the existence of formative periods and several loops in the policy cycle regarding the policy uptake and implementation of GTR and CCF during the time period studied, each of which ended with an evaluation of current policy.
In order to analyse the policy development of GTR and CCF in the different stages of the loops in the policy cycle, we then used qualitative analyses of the parliamentary documents from the formative periods identified above (see Table 1 ) and of subsequent documents connected to the problematisation and dissemination of policy. To identify the first stage, 'problem definition', we analysed motions raised by MPs and memorandums addressing problems with existing forest management. To identify the second stage, where solutions and options regarding a problem are discussed and evaluated, we analysed commission reports addressing the pros and cons with GTR and CCF. Government bills were used to identify and analyse stage three in the policy cycle, since these documents contain the government's recommendations to parliament regarding which management methods should be used, and which policy instruments should be obtained for implementation (Riksdagen 2019) . To identify and analyse stage 4, 'implementation', we moved beyond parliamentary documents to analyse documents with prescriptions, advice and information regarding GTR and CCF published by the agencies responsible for policy implementation; the SFA and the SEPA. Finally, parliamentary documents and agency reports were used to identify stage 5 of the policy cycle, the published evaluations of GTR and CCF. These were mainly identified via the parliamentary documents and collected from the agencies' websites. Official evaluations are normally conducted by the authorized authorities/agencies in line with the government's instructions. Regarding GTR, the first evaluations were however initiated and conducted by a researcher within the academy (Eckerberg 1987) . Altogether, we analysed 30 documents from the Swedish government, the academy, SFA and SEPA, representing different stages and loops in the policy cycle (Table 1) .
The results section presents the loops of GTR and CCF in the policy cycle as a chronologically structured narrative based on the quantitative and qualitative analyses of the different policy documents. To find out which ecological scientific knowledge influenced the policy processes over time, and how it did so, we searched the documents for references to research addressing ecological knowledge on GTR and CCF. In this way we found which peer-reviewed ecological literature, or other literature, was used in the policy process at different stages in the policy cycle. We also assessed the quality of the ecological knowledge that was used in the policy processes by distinguishing the degree to which it addressed general and theoretical knowledge or applied specific empirical knowledge about the effects of GTR and CCF on biodiversity (cf. Ranius et al. 2017 ). Furthermore, we looked for expressions of other scientific, institutional and normative considerations within the policy documents. These expressions are included in the narrative section of the results. Their effects on the policy cycle, i.e. whether these different factors hampered or enabled the implementation process is then further developed in the discussion.
Results
Development of scientific knowledge over time
The idea of GTR was presented in scientific literature already in the 1970s and developed in the 1980s (Ahlén 1977; Franklin 1989 ). The specific term "green tree retention" appeared for the first time in the WoS CC in 1996 (North et al. 1996) but was found in non-registered Fennoscandian scientific literature around 1990 (e.g. Esseen et al. 1992) . Empirical scientific knowledge about the ecological effects of GTR in a Fennoscandian context can be traced back to 1999 in WoS CC, and papers were published in small numbers (2-3 papers per year) since 2001 (Fig. 3a) . The majority of the scientific papers about GTR dealt with ecological effects (45 of 52), while only nine addressed silviculture and economic effects. Four papers dealt with the level of GTR implementation, whereas no papers addressed climate change mitigation or social aspects. Eight papers addressed more than one aspect and combined ecological effects with timber production and/or economic aspects and level of implementation. Number of documents originating from the Swedish parliament that used terms related to "CCF" (see legend) in documents from the Swedish parliament, 1971-2016. Note: One document may use more than one term, and therefore the total number of documents is lower than the number of observations (total number of observations = 188) 1 3
The CCF concept appeared in the peer-reviewed scientific literature, registered in WoS CC, in the late 1980s. Over the years the number of publications about CCF in Fennoscandia exceeded those of GTR. Empirical scientific knowledge about the ecological effects of CCF in a Fennoscandian context was published already in 1989 (Fig. 3b ). In the following years the focus was however on silvicultural and economic aspects rather than ecological: 32 of the 94 papers dealt with ecological effects of CCF, whereas 61 addressed silviculture and economic aspects. The topics were also more diverse compared to GTR as papers dealt with climate change mitigation (5), social aspects (4) and the level of implementation (2) (Fig. 3b ). Six papers addressed more than one aspect, and often combined ecological effects, timber production and/or economic aspects and social values.
Policy implementation of conservation practices and the role of scientific ecological knowledge versus other socio-political factors
Our quantitative analysis of documents from the Swedish parliament showed that certain years stood out as important, either for GTR or CCF. These included 1974 , the late 1980s, 1997 . Looking at the documents underlying these numbers revealed that the policy debate about GTR and CCF appeared when major governmental forest policy investigations or bills were launched by the parliament (1974, 1978, 2008) , when the public debate about forestry was intense (1980s), and when existing policy was under evaluation (mid 1980s-1990 and late 1990s) (cf. Bush 2010; Simonsson et al. 2014) . Based on our analysis we suggest that GTR and CCF policy underwent three loops in the policy cycle since the early 1970s. The following sections present our analysis of these three loops, including their different stages.
First loop: problem definition and evaluation of options
In the awakening of environmental criticism against industrial forest management in the early 1970s, members of parliament shared concerns that clear-cuts led to impoverished ecosystems and in the long run, unsustainable forestry. They called for better knowledge about the effects of modern forestry and a review of current forest policy (e.g. Mot. 1971 Mot. :1002 Mot. 1972:146) . Two commissions were introduced to inquire the environmental impact of Swedish forestry, identify solutions and evaluate policy options, one of which focused on the areal extent and effects of clear-cuts (Ds Jo 1974:2). In 1974 the investigators presented a solution whereby environmental considerations would be applied during forestry operations. It was also proposed that legally binding requirements to do so could be included in the Swedish Forestry Act (Ds Jo 1974:2).
Both CCF and GTR were on the agenda as plausible conservation measures in this regard, but CCF was considered old-fashioned and not suitable for use in Swedish forest conditions (Ds Jo 1974:2). A recurring concern was that CCF could not sustain a high level of biomass production and thus would harm the ever-increasing demand for sawn timber and pulp wood from the forest industry. It was even argued that large-scale CCF was negative for biodiversity since it would generate an "unsuitable uniformity" in the forest landscape, i.e. that a landscape managed with CCF would result in less variation and habitat diversity than a landscape managed with clear-cut forestry (Ds Jo 1974:2). Clear-cuts were promoted as biologically adequate and an economic necessity by the commission. Leaving green trees close to residential areas, popular laybys, and scenic routes was suggested as a means of taking into consideration aesthetic and recreational concerns, while habitats such 1 3 as mires, rocky impediments, and areas close to water could be taken into consideration for ecologic reasons (Ds Jo 1974:2).
The commission based its statements on hearings with ecological scientists and previous official investigations (Ds Jo 1974:2) for which ecological scientists had worked together with other scientists and civil servants to map forestry's impact on the environment (SEPA 1972) . Ecological knowledge was thus informing the policy process at this stage of the cycle. In particular threatened bird species and their dependence on old trees and forest stands were discussed using support from scientific references (Ds Jo 1974:2; for detailed references see SEPA 1972 ). Yet, national economic and aesthetical concerns dominated the commission report and its proposals (Ds Jo 1974:2; cf. Simonsson et al. 2014 ).
First loop: selection of policy options, implementation and evaluation
Selection of policy options, implementation and evaluation were the next stages in the policy cycle (stage 3, 4, and 5 in Fig. 2 ). For GTR, the Social Democratic government suggested 'enforcement by law' as their policy instrument in 1974, i.e. a judicial approach (Gov. Bill 1974:166) . The Swedish Forestry Act prescribed that single or groups of trees, screens of trees, and nesting trees for birds should be left on clear-cuts for conservation purposes (SFS 1974 (SFS :1026 . From 1979, these prescriptions were to be implemented by all forestry operations, regardless of forest ownership and without economic compensation. These considerations were mainly supported using aesthetical rather than ecological arguments (SKSFS 1979:3, 12 § and 14 §) .
In contrast, CCF was met with skepticism, because it appeared to be inconsistent with regulations that final harvest should "be conducted in a manner that is appropriate for the regeneration of new forests" (JoU 1979; also Gov. Bill 1974:166) . CCF was essentially banned in 1979, as the Swedish Forestry Act stated that final harvest had to be conducted as "…clearfelling with or without shelterwood or seed trees." (SKSFS 1979:3, p. 26 ). The only exception was in subalpine areas, where CCF was allowed due to harsh climatic conditions (SKSFS 1979:3, see also Gov. Bill 1978 /1979 JoU 1979) .
In addition to legislation, communication and education were soon added as instruments to implement the principle of GTR in Swedish forestry. At the implementation stage, ecological scientists initiated the co-production of educational handbooks with the responsible agencies, the SFA and the SEPA to make ecological knowledge intelligible for policy makers and end-users. In the handbooks CCF was also supported, but only with respect to its application in sensitive areas, e.g. mountainous forest. The books reported on the state and trends in forest biodiversity, mainly through the presentation of early versions of national red lists of threatened species (Ahlén 1977; Ahlén et al. 1979; Ingelög 1981; Ingelög et al. 1984; Ehnström and Waldén 1986) . Severe knowledge gaps were acknowledged, including a lack of scientific knowledge about species habitat requirements (Ingelög 1981; Ehnström and Waldén 1986) . The limits of scientific knowledge regarding biodiversity were explained as being: "often dependent on analogy-based assessments based on a few well-researched species, particularly those of economic importance." (Ehnström and Waldén 1986, p. 9) . Hence, ecological scientists indirectly criticized forest research for being steered by normative economic interests (cf. Ingelög 2007) .
Evaluations of the implementation of GTR, conducted by authorities and by forest policy researchers in the mid-1980s, showed that only three out of five clear-cuts complied with the Forestry Act (Eckerberg 1987) . Implementation and evaluation activities continued between 1986 continued between and 1991 continued between (SFA 1991 . Meanwhile, forest companies outlined their own 1 3 GTR policies drawing upon results from forest-sector based research and education projects which aimed to further elaborate on methods to increase the uptake of existing GTR policy (Lennartsson pers. comm. 2019) . Public authorities supported these efforts with additional inventories and evaluations (e.g. SFA 1991). New educational handbooks that addressed nature conservation were also produced, which included information on retention forestry (e.g. Persson et al. 1990; Aldentun et al. 1991 ).
Second loop: problem-definition and evaluation of policy-options
After completing one loop, problem formulation and evaluation of policy options took place again. As a result of knowledge regarding GTR uptake rates and increased pressure from the public and environmental movements, political interest in GTR and CCF increased in the mid-1980s (see Figs. 4 and 5) . Different groups, including ecological scientists, raised concerns about decreasing biodiversity in Swedish forests, especially due to oldgrowth forests being replaced by commercial Norway spruce and Scots pine stands (e.g. Ingelög and Lennartsson 1991; cf. Simonsson et al. 2014) . Biodiversity loss was increasingly stated as the key problem that needed to be addressed (e.g. :Jo731, 1990 :Jo306, 1990 . Ecological scientists pleaded for stronger environmental legislation, specifically demanding a more extensive preservation of forests. Furthermore, they recommended stronger regulations of GTR, including the retention of ten large trees ha −1 (Ingelög and Lennartsson 1991) . This number was not based on scientific evidence, but on negotiations between ecological scientists and the forestry sector (Lennartsson, pers. comm. 2019).
Following these debates and development in the sector, an all-party governmental investigation was initiated in 1990 (published in 1992), which suggested both the deregulation of forestry, and concurrently, to give equal importance to environmental and production objectives in forest policy (SOU 1992:76) . In order to equate environmental and production goals, the commission suggested that larger areas of forest should be set aside as reserves, and that environmental considerations should be practiced on productive forest land. Environmental considerations should consist of GTR and dead wood retention at final harvest. These actions were presented as a way to increase the amount of old and deciduous trees in production forests and thus help sustain biodiversity. Hence, GTR was indirectly suggested as a prerequisite for the success of the proposed policy objectives (SOU 1992a, b:76) . In addition, CCF resurfaced in the evaluations of potential policy options. The researchers that advised the commission explicitly discussed the potential of practicing CCF in some spruce-dominated forests on a fraction of approximately 2-3% of the Swedish forest land area. The recommendation was to combine timber production and conservation by preserving large trees and leaving unharvested patches, thus combining CCF with GTR (SOU 1992a, b:76, bilagor II) . These recommendations built on the few scientific publications available which addressed silvicultural and ecological effects of CCF (see Fig. 3 ), but the policy document did not refer to them explicitly (SOU 1992a, b:76, bilagor II) .
Second loop: selection of policy options, implementation and evaluation
The Swedish Forestry Act was amended in 1993. A central change was the deregulation of forestry and the adoption of equal environmental and production objectives, which was consistent with the preceding commission's suggestions (Gov. Bill 1992 /1993 . The intention of greater freedom was that it would lead to a diversity of management practices, and thereby improve biodiversity. This was because the reform allowed a wider range of alternative harvesting methods, including methods consistent with CCF, on a limited proportion of forest land area (Gov. Bill 1992 /1993 . Furthermore, GTR was explicitly acknowledged: "Shrubs, solitary trees or tree groups must be retained at all harvests …" (SKSFS 1993:2, p. 25, our translation) . The number of trees retained was not specified, but in an effort to improve implementation, the SFA developed a control instrument, 'Polytax', 1 to assess the quality of forestry operations. The Polytax instructions stated that at least 5-10 green trees ha −1 (depending on clearcut size) should be retained at final harvest (SFA 1998), which was largely consistent with previous recommendations from ecological scientists (Ingelög and Lennartsson 1991) .
The more precise legal requirements enhanced the implementation of GTR in the 1990s. The legal prescriptions were however "soft" as they lacked sanctions and were thereby regarded as too weak by the environmental movement (Simonsson et al. 2014) . The environmental movement started negotiating solutions that were separate from the formal policy cycle as an alternative means of handling conflicts and forming agreements with forestry actors. As a result, the FSC (Forest Stewardship Council) was established in the mid-1990s, initiating a market-based instrument for conservation implementation which promised economic rewards for those forestry actors who met the criteria of the FSC certification standard (Johansson 2013) . By requiring the retention of ten trees per hectare, the FSC certification standard replicated the GTR target in Polytax, and thereby strengthened GTR policy. In contrast, CCF was not required by the FSC standard (FSC 2010a).
In the late 1990s, the government evaluated the effectiveness of the 1993 forest policy. It concluded that GTR was conducted on 74% of inventoried final-harvest sites. This was not considered sufficient and further education of all forest sector actors was deemed necessary to increase GTR implementation (Hallerstig 1998) . Parallel to this evaluation, the government investigated demands to increase the use of forest reserves, re-structure environmental legislation, and to launch a system of national Environmental Quality Objectives, several of which were relevant to forest biodiversity conservation (SOU 1997 (SOU :97, 1997 .
In 2001, a second evaluation of the forest policy of 1993 recapitulated the need for alternative forest management approaches to conserve biodiversity. The evaluators stated that the share of forests that had never been clear-felled was ever decreasing in Sweden. There was a particular concern over the loss of biodiversity when these forests were clear-cut (SUS 2001).
Third loop: problem definition and evaluation of policy options
The outcomes of the second policy evaluation in 2001, in combination with new environmental policy and public debates, spurred a third policy loop. Ecological science had contributed directly to the problematization with discussions about what was required for successful biodiversity conservation in forests (e.g. Angelstam and Andersson 1997; Gärdenfors 1997) . Their reasoning built on reports and scientific publications that addressed nature conservation, but not on publications focused on GTR or CCF (Angelstam and Andersson 1997; Gärdenfors 1997) .
Based on the 2001 evaluation, the government stated that 'never clear-cut forests' were of special value to biodiversity, and therefore empirical data regarding management alternatives, including CCF, was requested (Skr. 2003 (Skr. /2004 .
The use of CCF in suitable areas was again suggested during subsequent assessments. In 2004 and 2005 the SFA started a project to develop methods to identify forests of long continuity and manage them with CCF (SFA 2004 (SFA , 2008 . In 2008 the agency concluded that CCF could be used as a complement to clear-fellings on a limited portion (5-10%) of Swedish forested land (SFA 2008). Furthermore, CCF was a suggested alternative in forests where nature conservation, recreation, or conflicting demands prevailed, e.g., reindeer husbandry and cultural heritage. Possible obstacles to implementation included lower economic returns (10-35%), insufficient regeneration, and conflict with the Swedish Forestry Act. Key knowledge gaps were also highlighted, including how CCF managed forests would develop through time, and how to handle case by case evaluations of CCF suitability and legality (SFA 2008) .
Researchers with an expertise in silviculture and biodiversity, respectively, were included in the project group (SFA 2008 ). An analysis of the scientific literature used in the report, showed that two publications from our list derived from WoS CC on CCF were cited, and these focused on the silvicultural and economic effects of CCF (Andreassen and Yen 2002; Granhus and Fjeld 2001) . In another project, initiated by the SEPA, scientists, including ecologists, synthesized knowledge about land use, management and implications for greenhouse gas emissions, biodiversity and water (SEPA 2012). The scientists concluded that "the highest biodiversity in a managed landscape can be expected when a high variation of forestry methods is applied.
[…] Selective cutting is not necessarily a key-method for preserving biodiversity but will favor certain groups, e.g. shade and continuity depending species." (SEPA 2012, p. 21) . In this report two publications from our list derived from WoS CC on GTR were cited, which focused on the ecological effects of GTR (Hautala et al. 2004; Matveinen-Huju et al. 2006) . Results from both projects were later included in an official report (SOU 2013:43) which lay the foundation for a new bill (Gov. Bill 2013 , see next section).
A new public investigation of the Forestry Act presented in 2006 (SOU 2006:81) further discussed and promoted increased use of CCF methods as a complement to clear-cut forestry in Swedish forests. The investigator emphasized the importance of CCF at the SFA (SOU 2006:81), but did not directly refer to scientific publications, but instead cited reviews and popular syntheses that primarily addressed silvicultural aspects of CCF (e.g. from Formas and Skogforsk, SOU 2006:81) .
Third loop: selection of policy options and implementation
In the third loop, parliamentary discussions regarding CCF increased (Fig. 5 ). At this stage the government and the SFA did not present stronger instruments for the implementation of CCF, but instead clarified legislation about legal harvest methods to overcome formal institutional uncertainty (Gov.Bill 2007 Gov. Bill 2013 SKSFS 2015:3) . In educational handbooks, silvicultural scientists acknowledged CCF as "a gentler way to manage forest" (Lundqvist et al. 2014, p. 49) . The government subsequently allocated funds to the SFA for the development of CCF methods and related advice to forest owners (Gov. Bill 2017 , but it still remained undecided as to whether additional policy instruments besides communication and education were needed to accelerate CCF implementation (SEPA 2017). Since 2010, the Swedish FSC standard explicitly supports CCF as a way to sustain ecological functions and values in forest stands possessing suitable conditions (FSC 2010b). The PEFC 2 standard is more reluctant regarding CCF, stating that the scientific basis for CCF management is weak, but that CCF methods may be used with caution under certain conditions (PEFC 2017) .
To date, the GTR policy remains unchanged, but the long-standing requirement to leave at least ten green trees ha −1 has been questioned, since this small number of trees is not assumed to be motivated by scientific ecological knowledge (WWF 2017; referring Fedrowitz et al. 2014) . Nevertheless, due to the use of several weak and strong policy instruments, trees left in young forests have increased during the 1990s and seemingly stabilized during the 2000s (Fig. 1) . As of 2007, on average 11 living trees ha −1 were being retained 5-7 years after regeneration felling (SFA 2007) . Thus far CCF has however only been implemented to such a limited extent that no reliable national statistics are currently available. However, common knowledge within the forestry sector suggests that the method has rarely been used since large-scale mechanized forestry developed in the 1950s. According to official data from 2013, large forest owners (owning more than 5000 ha) planned to manage < 1% of productive forests (excluding set-asides) with CCF methods (SFA 2013).
Discussion
Ecological and other scientific knowledge as promotors or obstacles
Our assessment of GTR and CCF policy uptake and implementation revealed that GTR and CCF underwent three loops over almost five decades and eventually resulted in the widespread implementation of GTR, while CCF implementation has hardly advanced. During all loops of the policy cycle, scientific ecological knowledge has helped push conservation measures forward. Ecological scientists provided input to problem formulation stages, and were invited by the government, together with other knowledge producers and stakeholders, to contribute to investigations and help evaluate policy options. In this regard, the policy uptake of theoretical and general ecological knowledge for both GTR and CCF was already taking place in the 1970s (e.g. SEPA 1972; Ahlén 1977) . However, limited research had been performed at this time to address the actual effects of GTR and CCF on forest species. Hence, GTR was selected as a policy option, despite a lack of scientific evidence regarding its ecological effects (Fig. 3a) . In contrast CCF was neglected in policy, despite available evidence underscoring the importance of spatial and temporal continuity in tree cover for forest-dependent species (e.g. Ahlén 1977) .
Over the intervening decades a growing body of knowledge demonstrated the positive effects that both GTR and CCF can have for many elements of forest biodiversity, as well as for the ecological structure and function of forest ecosystems (e.g. Fedrowitz et al. 2014; Kuuluvainen et al. 2012 ). Nevertheless, both GTR and CCF lack studies on their longterm and landscape-level effects on biodiversity (Fedrowitz et al. 2014; Kuuluvainen et al. 2012) . For this reason, knowledge gaps are still used as an argument when discussing to which extent these measures should be applied (e.g. SFA 2019).
Interestingly, our analysis showed how scientists provided quantitative recommendations regarding GTR in the early 1990s (Ingelög and Lennartsson 1991) and that analogous targets were included in both formal GTR policy and the certification schemes of the 1990s. We know from previous studies that policy makers desire science-based information about quantitative requirements for biodiversity (Gulbrandsen 2008; Angelstam et al. 2013) . Ecological scientists are however reluctant to deliver such precise recommendations and targets are often left to be negotiated by stakeholders involved in the policy processes (Ranius et al. 2017) . The example of policy uptake of GTR indicates how compelling such recommendations can be.
We found that the type of research conducted on CCF has been broader than that for GTR, including more silvicultural and economic studies (Fig. 3) . Despite these efforts, the economic outcomes of CCF are still regarded as uncertain (Kuuluvainen et al. 2012) . Knowledge regarding economic uncertainty has continued to be an obstacle, not only to the progress of CCF within the formal policy cycle (e.g. SFA 2008; Lundqvist et al. 2014) , but also in terms of certification standards for which CCF remains an "interesting" but uncertain silvicultural alternative (PEFC 2017).
Formal institutional factors as obstacles or promotors
The implementation of GTR depended on complex processes of socio-political negotiations involving actors inside as well as outside the formal policy making procedures. There were no formal institutional obstacles to GTR uptake in the 1970s and the government used judicial and communicative policy instruments to promote GTR in the 1970s and 1980s (e.g. SKSFS 1979 Ingelög 1981) .
Economic instruments, such as subsidies or levies, were not selected to promote the implementation of GTR. However, in both 1979 and 1983, and concurrent with the new conservation efforts, the Swedish parliament increased production targets, first under the leadership of a coalition government of liberals and conservatives, and later by social democrats. Both law enforcement and financial incentives were used as policy instruments to steer private forest owners into efficient clear-cut forestry with the compulsory felling of mature forests and the afforestation of "forest with low annual increment", including species rich grazed woodland. The production-oriented policy objectives were thus stronger at that time and were invoked by more coercive legislation and subsidies (Bush 2010; Siiskonen 2013) . The use of economic subsidies for production targets culminated in the mid-1980s (Siiskonen 2013) and the average number of trees retained at clearcutting was at its lowest from 1985 to 1989 (Fig. 1) .
We believe that this strong orientation towards production forestry had an impact on the norms regarding conservation measures, i.e. ideas about what was important and what should be done, and indirectly countered the uptake of GTR for over a decade (Fig. 1; cf. Nylund 2009; Siiskonen 2013) . In the 1990s, the third-party forest certification schemes effectively added economic incentives for the implementation of GTR (Johansson 2013) . The revised forest legislation in 1993 also made GTR mandatory and both forest certification and public policy provided quantitative goals for implementation (SKSFS 1993:2) .
In contrast, CCF was met with institutional obstacles until the 1990s, and only in recent years was formal legislation sufficiently reformed to allow for the active promotion of CCF (SKSFS 2015:3). Notably, whereas forest certification schemes are supportive of CCF, this support is still limited to certain forest contexts, and there are no stated goals for the level of implementation (FSC 2010b; PEFC 2017).
Normative factors as obstacles or promotors
The lack of GTR implementation in the 1980s was, as mentioned earlier, affected by normative obstacles. According to contemporary investigations, there was a general consensus in Sweden at that time regarding the importance of conserving threatened species (Eckerberg 1987) , but production interests were nevertheless stronger (cf. Siiskonen 2013) . The means and costs of conserving threatened species were disputed, and even the retention of single trees on a clear cut was sometimes regarded as too much of a sacrifice for a forest owner (Eckerberg 1987) . With the support of education, legislation and market-based certification, the concept of GTR slowly became a norm in Swedish forestry and it is today regarded as a key component of the "Swedish forestry model" (KSLA 2009) .
In contrast to GTR, and consistent with our findings for formal institutional obstacles, CCF encountered substantial normative obstacles until recently, with these obstacles built upon cultural and historical experiences (cf. Puettmann et al. 2015) . Potentially as a result of these obstacles, since 2010 the term "clear cut free forestry" has dominated the governmental discourse and gradually replaced the term "continuous-cover forestry" (Fig. 5) . In a Swedish context, this new term might have helped to overcome some of the normative obstacles connected to CCF. More specific silvicultural approaches within the CCF framework, e.g., "selective cutting", have had a bad reputation among foresters for almost a century. This reputation stem from foresters experiencing failures in selective cuttings in the early 20 th century, which resulted in forest stands with low levels of regeneration and productivity (e.g. Ds Jo 1974:2, 204; Lundqvist et al. 2014) . Thus, the Swedish norm formulated in the mid-twentieth century, whereby rationalized forestry would deliver a high and even yield of biomass to secure public welfare , still remains strong among opponents of CCF.
Strategic factors as obstacles or promotors
Our assessment of strategic factors revealed a path from uncertainty to a lack of substantial obstacles for GTR, whereas CCF's path has progressed from strong to uncertain obstacles during the same time period. We suggest that GTR became regarded as a beneficial strategy in the late 1980s, when forest companies started to develop GTR policies and worked together with the SFA to provide inventories, evaluations, and educational programs. GTR was probably regarded as a feasible and cost-effective strategy to counter pressure from the environmental movement and other actors, including ecological scientists, and as a means to reduce the likelihood of stronger formal governmental regulations (cf. Doelen 1998; Simonsson et al. 2014) . With certification agencies promoting GTR, it became even more strategic to adopt GTR at final harvest.
Relatively few factors have been in place for CCF adoption to be a strategic silvicultural approach for forest owners. In comparison, the logistics and streamlined efficiency of clearcutting continues to hamper CCF implementation (cf. Axelsson 2008) . It is not surprising therefore, that recent surveys show a strong continued support for even-aged management among family forest owners (Nordén et al. 2017) . Family forest owner associations are also setting the standards for PEFC (Johansson 2013) . Thus, large-scale initiatives to implement CCF are not expected in the near future, with uptake likely limited in area and specific contexts linked to conservation or other societal goals.
Conclusions
We found that ecological scientists provided important input to the development of conservation policy and practice at almost every stage in the analysed policy cycle and its three loops, from year 1971 to 2017. They offered their expertise in governmental and agency reports, co-produced educational handbooks and communicated demands directly to the politicians. However, knowledge from other research disciplines and socio-political factors were also important, which helps to explain why CCF is still only rarely applied. In the case of GTR, uptake was enhanced by its consistency with the silvicultural knowledge and normative values that forest managers and owners had adopted for almost a century, whereas CCF challenged those ideas. forest* AND ("alternative cut*" OR "alternative felling*" OR "alternative harvest*" OR "ancient tree*" OR "biological legacy*" OR "green tree*" OR "green tree retention*" OR "long-term retention*" OR "remnant tree*" OR "residual tree*" OR "retention threshold*" OR "structural retention*" OR "variable retention*" OR "veteran tree*" AND (Fennoscand* OR Scandinav* OR Finland OR Finnish OR Swed* OR Norw* OR Murmansk OR Karelia* OR Leningrad OR Petersburg)
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Appendix 2
Search string for scientific publications on continuous cover forestry (CCF)
Search string. The terms for "Management" and "Geography" are from Kuuluvainen et al. (2012) plus a few additional terms (italics). Terms within a given column were separated by "OR" in the search string.
Relevance to forest Management Geography Forest* AND Alternative cut* AND Fennoscand* Alternative felling* Scandinav* Alternative harvest* Finland Clearcut free Finnish Clear cut free Swed*
Continuous cover
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